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nanoparticles in ethanol, after which they were dropped to the aluminum foil pieces, dried in air and attached to conductive carbon film on SEM stubs. The TEM images were obtained with a JEOL 2100 operated at 200 kV. For preparation of the TEM samples, the powder nanoparticle-ethanol dispersion was dropped and dried on carbon film on a Cu grid. Dynamic light scattering (DLS) and ζ potential measurements were carried out at 25 C using a Zetasizer Nano-ZS from Malvern Instruments. The samples were dispersed in deionized water by ultrasonication before analysis.
Skin safety evaluation in ex vivo pig skin model
Pig ear skin sourced from a local abattoir was used as skin model for safety evaluation. The pig ears were washed with soap, thoroughly rinsed by water and stored at −20 °C until required. The pig ears were thawed and then gently shaved to remove excessive hair, then rinsed and pat dried. The ventral side of the ear was then separated from the cartilage using a scalpel. The excised skin was pinned down on a cork-board maintaining slight tension across the surface. The FITC labelled silica nanoparticles were dispersed in water with a concentration of 1 mg cm -3 . Silica nanoparticle-water suspensions were applied to the excised skin samples at a concentration of 2 mg cm -2 . The skin was incubated at 37 °C for 2 h. The skin samples were then swabbed, rinsed under water for 30 seconds then patted dry. Biopsies (6 mm) were taken of the treated areas and imaged.The tissue samples were analysed en face using confocal laser scanning microscopy (710META, Zeiss, Germany). Ten regions were imaged for n = 1 per silica nanoparticle sample. Nanoparticles were excited at 488 nm and reflectance was used to visualize the surface of the skin at 633 nm. The samples were optically sectioned at 1 µm intervals from the surface down to a depth of approximately 100 µm. Following image acquisition, the confocal image stacks were analysed using Image J Software (NIH, USA). The nanoparticle pixel intensity was quantified using the raw integrated density per layer within the stack for each sample.
Encapsulation of MBBT
A rotary evaporation method 2, 3 was utilized for encapsulation of MBBT into the silica vesicles. In the procedure, 0.12, 0.15 or 0.20 g of SV-50 after calcination were added to 100 ml of MBBT-ethyl acetate solution (1.20 g L -1 ), with a MBBT:SV-50 feeding ratio of 1:1, 0.8:1 and 0.6:1, respectively (denoted as MBBT-SV-X, X is the ratio of MBBT:SV). The mixture was removed into a long cylindrical flask attached to a rotary evaporator (BUCHI R-210) and evaporated at 50 C in a vacuum system in dark with a residual pressure of 225 Torr until all solvent had been removed. In comparison, similar procedure had been carried out with MBBT-ethyl acetate solution only.
Characterization of MBBT-SV-X
FE-SEM images of the MBBT-SV-X compared to pure SV-50 and MBBT after rotary evaporation were observed using a JEOL JSM 6300F operated at 15 kV. For FE-SEM observation, the powder samples were adhered onto the conductive carbon film which is attached on SEM stubs and coated with platinum. Wide angle X-ray diffraction (WA-XRD) patterns of the materials were recorded on a German Bruker D8 X-ray diffractometer with Ni-filtered Cu K Radiation. A Metter Toledo GC200 thermogravimetric analysis (TGA) station was used for the loading amount and differential scanning calorimetry (DSC) study at a heating rate of 2 C min -1 . Nitrogen adsorptiondesorption isotherms were measured at -196 C by using a Micromeritics Tristar II system, before which the samples were degassed at 100 C overnight on a vacuum line. The total pore volume was calculated from the amount adsorbed at a maximum relative pressure (P/P 0 ) of 0.99, and the Brunauer-Emmett-Teller (BET) method was utilized to calculate the specific surface areas. Fourier transform infrared (FTIR) spectra were collected on a ThermoNicolet Nexus 6700 FTIR spectrometer equipped with a Diamond ATR (attenuated total reflection) Crystal. For each spectrum, 64 scans were collected at resolution of 4 cm -1 over the range 450-4000 cm -1 .
UV-vis spectroscopy
To test the UV-Vis transmittance of MBBT-SV-0.6 and pure MBBT after rotary evaporation in aqueous suspensions, the powder samples were suspended in water in ultrasonic bath for 10 minutes, which are compared to pure MBBT dissolved in organic solvent of ethyl acetate. The concentrations of MBBT in all suspension/solution were kept as 0.004 % (w/v). In another group of experiment, MBBT-SV-0.6 was treated with Na 2 CO 3 solution to remove silica. In this process, 10 mg MBBT-SV-0.6 was added into 10 mL of Na 2 CO 3 solution (0.6 M). The mixture was suspended in ultrasonic bath for 10 minutes and shaken at room temperature for at least 12 h. The above solution was then neutralized to pH 7 using HCl solution (0.6 M) and diluted to a final MBBT concentration of 0.004 % (w/v) with MilliQ water.
UV-vis transmittance spectra were measured with a Shimadzu UV-2450 double beam spectrophotometer. In order to measure the direct transmittance, the MBBT suspension/solution and the corresponding reference (pure water, ethyl acetate or neutralized and diluted Na 2 CO 3 solution) were filled into quartz cells with d = 1 cm pathlength, which were then placed into the respective beams of the device. Measurements were performed in a range of 280-400 nm with a spectral resolution of 0.5 nm. The direct transmittance of 0.007 % (w/v) silica vesicle suspension in water was also tested. Equation S2 was used to calculate the direct extinction spectra from the direct transmittance, which were contributed by three fractions: absorbance, forward scattering and backward scattering of the UV blockers. 4 The diffuse transmittances of MBBT-SV-0.6 suspension and MBBT in ethyl acetate solution were also measured to evaluate the forward scattering properties using the same instrument. An integration sphere accessory was fixed to the instrument in order to collect the direct transmitted light and also the light scattered in forward direction. Sample and reference cells were placed in the respective light beams at their entrance into the integration sphere, while BaSO 4 pressings were mounted into the sample and reference windows opposite thereof. The diffuse extinction spectra were calculated using Equation S3 from diffuse transmittance which had only absorbance and backward scattering contributions. By subtracting extinction spectra from direct and diffuse transmittance, the fraction of forward scattering was also calculated. 4
Formulation preparation and in vitro sun protection factors
In order to evaluate the protection factors of MBBT encapsulated in SV-50 in sunscreen application, a water-based formulation containing MBBT-SV-0.6 was prepared. The formulation recipe is listed in Table S3 . In a typical process, MBBT-SV-0.6 was suspended in MilliQ water in ultrasonic bath with different concentrations. 1 % w/w triethanolamine was also added into the water suspension to form the water phase. Cetyl alcohol, stearic acid and glycerin (2.0, 4.0 and 2.0 % w/w, respectively) were mixed at 85 C to form a liquid oil phase. The water phase and the oil phase were kept at 85 C separately, and then mixed at the same temperature, vigorously stirred with a glass rod by hand till the mixture cooled to room temperature with a homogeneous creamy appearance. The final MBBT concentration is controlled as 1, 2, 4 and 8 % w/w. The in vitro sun protection factors were calculated from diffuse transmittance of formulation films. 5, 6 In order to test the diffuse transmittance, formulations were applied on a 50×10×1 mm quartz plate, and the formulation film thickness is 26 microns simulating the thickness of applied sunscreen on skin. The quartz plate with the formulation film was placed in the UV-vis spectrophotometer with an integration sphere for characterizations. The in vitro sun protection factor (SPF) value was calculated from diffuse transmittance spectra in a wavelength range of 290-400 nm according to Equation S4. Data points were selected from diffuse transmittance spectrum every 0.5 nm (d λ = 0.5 nm). Particle size: the particle size of nanoparticles is a statistical value measured from TEM images of over 50 particles; ρ apparent : apparent density of nanoparticles; N: calculated particle number applied on ex vivo pig skin in Figure 2 and Figure S3 from apparent density. Figure S1 . Particle size distribution curves of SS-50-FITC (solid) and SV-50-FITC (dash) by DLS.
Calculation of apparent density of nanoparticles
The density of dense silica nanoparticles (SS-50) is considered to be equal to the density of amorphous silica (ρ Silica = 1.70 g cm -3 ). 7 The apparent density of SV-50 is estimated using a simplified hollow spherical model with dense wall, which is considered with the density of amorphous silica (ρ Silica ). The schematic image of SV-50 ( Fig. S1 right) shows a similiar particle radius (R = 23.0 nm) to SS-50 and a cavity radius of r = 17.0 nm. As a result, the apparent density of silica vesicles can be calculated using Equation S1. The result of calculation is summarized in Table S1 . This calculation ignores the existence of porosity within the walls which is hard to estimate the exact volume. Therefore, the actual apparent density of SV-50 will be further lower if wall porosity is considered. Figure S2 . Schematic image for silica vesicles SV-50 (right) with cavity radius of r and particle radius R which is the same with SS-50 (left). The apparent density of SV-50 is calculated using Equation S1. The nitrogen sorption isotherms of SV-50 show type VI isotherm and H3 hysteresis loop with steep capillary condensation at P/P 0 of ~0.9. All MBBT-SV-X show similar isotherms with much lower quantity adsorbed at the highest relative pressure. After encapsulation the total pore volume of SV-50 decreases from 1.22 cm 3 g -1 to 0.26-0.39 cm 3 g -1 for MBBT-SV-X, indicating the mesopores of SV-50 starts to be occupied by MBBT. The Brunauer-Emmett-Teller (BET) surface area also decreases from 431 m 2 g -1 to 65-77 m 2 g -1 . Considering the pore volume contributed by the packing void is 0.35 cm 3 g -1 , the mesopores volume of SV-50 is estimated to be 0.87 cm 3 g -1 . As a result, the theoretical loading capacity to MBBT is 0.87 g/1.0 g SVs where the density of organic molecules of MBBT is estimated for ~ 1 g cm -3 . 
